S
tereotactic body radiotherapy (SBRT) allows the targeting of high doses of radiation with steep dose gradients, so that organs at risk like the spinal cord can be intentionally spared in order to maintain safety and conformality.
10, 11 The primary goal of spine SBRT is to deliver locally "curative" doses of radiation in just a few fractions to maximize both local control and pain control. 13 There is growing evidence demonstrating the efficacy of spine SBRT, with excellent local control and pain control rates in patients receiving de novo treatment, retreatment after prior radiation, and, more recently, postoperative adjuvant therapy following resection. 1, 6, 15, 16 Postoperative spine SBRT is growing in practice, as it fits with the rationale that if we are going to subject a patient to a major operation, then we should deliver an effective and philosophically equivalent adjuvant therapy intended to maximize local control. 10 Imaging-based local control rates after conventional palliative radiation therapy have not been well defined. Based on the few studies that have been reported, these control rates are modest at best and represent an area for improvement. 5, 8 In the limited literature on postoperative spine SBRT, the rates of local control are highly promising, as 1-year local control rates of approximately 80% to 90% have been reported. 1, 6, 7 Surgery for spinal metastases is often performed for decompression of the spinal cord and involves resection of epidural disease. However, a major area of uncertainty is related to the most appropriate clinical target volume (CTV) for postoperative spine SBRT. Specific to intact metastases, the International Spine Radiosurgery Consortium (ISRC) has defined CTV-contouring practice;
4 however, there is no such guideline for patients undergoing SBRT postoperatively. The fundamental issues include whether to treat only residual postoperative epidural disease as evident on postoperative MRI; whether to account for all areas of epidural extension based on preoperative MRI imaging of the CTV; whether to put the CTV margins craniocaudally, as epidural disease does not only infiltrate circumferentially into the axial plane; and whether to simply cover the entire epidural space circumferentially and prophylactically, per a "donut" distribution ( Fig. 1) , in order to be as safe as possible whenever epidural disease is present. Given that progression within the epidural space has been reported as the most common pattern of treatment failure, 10 the rationale for the donut distribution is to reduce the risk of epidural progression as much as possible because the consequence of progression is cord compression that puts the patient at risk for further operative management and radiation. This has been common practice at the University of Toronto, per our previously published report specific to postoperative spine SBRT. The purpose of this investigation was to perform, as an extension of our previous outcome analysis, 1 a detailed pattern-of-failure analysis focused on the epidural space. In addition, we sought to determine if any relationship with epidural progression is observable that influences CTV delineation based on both the preoperative and postoperative epidural disease characteristics.
methods
The primary objective of this study was to investigate the patterns of local treatment failure within the epidural space following postoperative spine SBRT. The outcomes and technique applied to this cohort have been previously reported. 1 In that report, we also provided a detailed summary of the dosimetric outcomes and doses to the spinal cord and thecal sac (i.e., critical neural tissues). Of note regarding the original series, the only predictors for local control were the epidural disease grade and prescribed dose, and none of the dosimetric outcomes-including the dose to the critical neural tissues-were predictive. Therefore, we designed this study to anatomically determine the patterns of progression within the epidural space, as the dose to the critical neural structures was not predictive.
Of the original 80 patients previously reported upon with institutional research ethics board approval, only those with preoperative, postoperative, and post-SBRT follow-up MR images available for central review were included in this pattern-of-failure study. The final cohort consisted of 70 patients with 75 spinal SBRT targets treated, and the reason for excluding the 10 patients from our previous report was the lack of preoperative MRI available for central review. Each preoperative, postoperative, and follow-up spine MRI study was reviewed by both a neuroradiologist and radiation oncologist. The presence of epidural disease was categorized by location and mapped according to a system in which the vertebral anatomy is divided into 6 sectors, as previously described by the ISRC 4 ( Fig. 2) . In addition, the grade of epidural disease, according to the Bilsky system, 3 was determined within each sector. Disease progression within an ISRC sector was defined as any increase in epidural tumor dimension compared with the baseline treatment-planning postoperative MRI, or new epidural disease if previously undocumented. Local recurrences were classified as "in-field" if 95% or more of the recurrent tumor volume (V rec ) was within the planning tumor volume (PTV); "marginal" if 20% to 94% of V rec was within the PTV; or "out-of-field" if less than 20% of V rec was within the PTV. Figure 2 illustrates the ISRC system. 4 In brief, Sector 1 refers to the vertebral body and associated anterior epidural space; Sectors 2 and 6 refer to the right and left pedicles and associated epidural spaces, respectively; Sectors 3 and 5 refer to the right and left transverse processes and laminae and associated epidural spaces, respectively; and Sector 4 refers to the spinous process and associated epidural space. Although the anatomical nomenclature stipulates the vertebral body to be "anterior" and the remaining structures (pedicles, transverse process, laminae, spinous process) to form the "posterior" elements, for the purposes of this study we classified Sectors 1, 2, and 6 as the "anterior" compartment and Sectors 3, 4, and 5 as the "posterior" compartment. This modified compartment division was felt to be more clinically relevant. Based on this anatomical classification system, we evaluated the patterns of epidural failure following SBRT based on 1) the involved ISRC sectors (Sectors 1-6) on preoperative and postoperative MRI, 2) the sum of the ISRC sectors involved, and 3) the worst grade of the epidural disease according to Bilsky criteria. graphics, tumor characteristics, and covariates of interest. Categorical variables were expressed as count and proportions, whereas continuous variables were expressed as the mean ± standard deviation or median and range. Time to local control (LC) was evaluated in months from the start of SBRT up to the date of local failure, death, or the last follow-up. The cumulative incidence of local recurrence was calculated using Fine and Gray's competing risk methods and considered death as a competing risk. 9 Overall survival (OS) was calculated using the Kaplan-Meier method. The Fisher exact test was used to determine if any association existed between the initial epidural tumoral characteristics (according to both the preoperative and postoperative treatment-planning MRIs) and the pattern of disease progression within the ISRC sectors noted on the first MRI scan with evidence of local disease progression. All p values were 2 sided, and p < 0.05 was considered to indicate a significantly different result. Data analysis was performed using SAS (version 9.3; SAS Institute, Inc.) and open source statistical software (R, version 3.0.3; R Foundation for Statistical Computing).
results patients and treatment characteristics
A total of 70 patients with 75 spinal metastases treated 
Fig. 2.
The IRSC system divides each cervical, thoracic, and lumbar vertebra into 6 anatomical sectors: Sector 1 refers to the vertebral body and associated anterior epidural space; Sectors 2 and 6 refer to the left and right pedicles and associated epidural spaces, respectively; Sectors 3 and 5 refer to the left and right transverse processes, laminae, and associated epidural spaces, respectively; and Sector 4 refers to the spinous process and associated epidural space.
with postoperative SBRT were evaluated for this analysis. Of these patients, 35 of 70 (50%) were female patients and the median age was 59 years (range 18-81 years). The tumor and treatment characteristics are summarized in Table 1 Most spinal segments (24 of 26; 92%) were treated with a circumferential donut-shaped CTV (Fig. 1) . With respect to the 2 patients treated with a nondonut horseshoe CTV (Fig. 1) , preoperative disease was confined to the anterior compartment (Sectors 1, 2, and 6) and, upon failure, epidural disease progression was also confined to the anterior compartment. Twenty-five cases (25 of 26; 96%) demonstrated epidural disease progression and 1 case demonstrated local failure limited to the bone. Of the 25 cases with epidural disease progression, 1 case did not have preoperative epidural disease, resulting in 24 cases with preoperative epidural disease and subsequent epidural disease progression. This group of 24 cases is the focus of the pattern of epidural disease progression analysis. A detailed summary of the epidural tumor characteristics for these 24 cases before surgery, postsurgery, and at the time of failure is presented in Table 2 . 2 or 3) . With the exception of 1 case, all cases of failure had preexisting epidural disease. For the 1 case with no epidural disease on the preoperative or postoperative MRI, the bony tumor was confined to the vertebral body and epidural progression was confined to the anterior compartment involving Sectors 1, 2, and 6. This case was excluded from the epidural disease pattern-of-failure analysis. Table 2 provides a detailed summary of the 24 cases with preoperative epidural disease and subsequent epidural disease progression. In particular, Table 2 illustrates differences in epidural disease distribution by ISRC sector between those with preoperative epidural disease confined to the anterior compartment (Sectors 1, 2, and 6) and those with preoperative epidural disease involving the anterior and posterior compartments (Sectors 1, 2, or 6 and 5, 4, or 3) based on the preoperative MRI, postoperative MRI, and first follow-up MRI demonstrating epidural disease progression. No patient had preoperative epidural disease confined to the posterior epidural space alone (Sectors 3, 4, and 5).
When epidural disease was confined to the anterior compartment on preoperative MRI (9 of 24 patients; 38%), the anterior compartment was also involved in 8 of 9 (89%) cases on postoperative imaging and in 9 of 9 (100%) cases upon progression. Progression was most often observed (7 of 9 patients; 78%) in the immediate anterior sector and left lateral sector (Sectors 1 and 6, respectively), followed by the right lateral epidural space (Sector 2 in 6 of 9 patients; 67%). Disease location according to the preoperative and postoperative MR images indicated a similar profile with respect to the proportions of involvement in Sectors 1, 2, and 6. New epidural disease within the previously uninvolved posterior epidural space was observed in 5 of these 9 cases (56%). With respect to posterior sectors exhibiting epidural disease progression, equivalent proportions of involvement were observed within the right and left posterolateral epidural spaces (Sectors 3 and 5); no progression was observed in Sector 4, which is diametrically opposed to Sector 1 (Fig. 3) .
When epidural disease involved both the anterior and posterior compartments preoperatively (15 of 24 patients; 63%) ( The proportion of cases with posterior-compartment epidural disease failure was significantly lower when the preoperative disease was confined to the anterior compartment (p = 0.047). With respect to the Bilsky grade, high-grade preoperative disease (Bilsky Grade 1C, 2, and 3) was associated with greater failure within the posterior epidural compartment sectors (p = 0.018). Postoperative Bilsky grade did not demonstrate any association with the location of epidural disease progression. No association was found between the degree of preoperative disease, i.e., the total (cumulative) number of ISRC sectors involved, and the risk of epidural disease progression following SBRT (p = 0.72).
discussion
We present the most detailed epidural pattern-of-failure analysis to date in patients with preoperative epidural disease who underwent surgery, were treated with postoperative spine SBRT, and subsequently suffered treatment failure with epidural disease progression. Our approach was to segregate the spinal canal into sectors according to ISRC guidelines 4 (Fig. 2) , in order to anatomically specify the location of epidural disease and evaluate both preoperative and postoperative MR images. In an effort to guide CTV delineation practice, our aim was to determine predictive factors of epidural disease progression following postoperative SBRT, given that no standardizations or recommendations to date have been reported for this indication. The clinical outcomes for this cohort have been previously reported. 1 In the context of those treated targets (cases) with preoperative epidural disease involving both the posterior and anterior compartments (n = 15, any combination of Sectors 3, 4, or 5, with 1, 2, or 6), epidural disease progression was observed in both the posterior and anterior compartments without sector sparing (Table 2, Fig. 3 ). The anterior compartment was involved in 11 of 15 (73.3%) cases, and in the posterior compartment in 14 of 15 (93.3%) cases.
When preoperative (in conjunction with postoperative) epidural disease was confined to the anterior epidural sectors (n = 9 of 24 cases with any combination of Sectors 1, 2, or 6; Table 2), the proportion of cases with posterior compartment epidural failure was significantly lower (p = 0.047) than the proportion in cases with preoperative epidural disease involving both the anterior and posterior compartments (n = 15 of 24 cases; Table 2 ). Furthermore, among cases with preoperative epidural disease confined to the anterior compartment, when failure was observed in the posterior compartments (Sectors 3 and/or 5), there was selective sparing of Sector 4. Of note, Sector 4 is anatomically diametrically opposed to Sector 1 (the most anterior sector) ( Table 2 ; Fig. 3 ). In contrast, we observed that the postoperative MRI epidural disease characteristics (location and Bilsky grade of epidural disease), as well as the total (cumulative) number of ISRC sectors involved (preor postoperatively), were not correlated with the location of epidural failure. Therefore, the sector involvement pattern on preoperative MRI, in conjunction with the postoperative MRI findings, has potential implications for practice, and from our observations we can suggest the following recommendations.
First, we recommend careful evaluation of preoperative spine MRI when planning treatment for these cases. The postoperative MRI alone is insufficient when determining if an epidural sector-sparing CTV versus a donuttype CTV is to be applied. Second, an epidural-sparing horseshoe-type CTV (covering all sectors except Sector 4; Fig. 1 ) may be appropriate only for those patients with anterior epidural disease involvement alone on both the preoperative and postoperative MRI, with the caveat that no other soft-tissue or bony disease lies in the sector to be treated. Furthermore, this type of CTV likely represents a minimum CTV when considering that failures within the posterolateral epidural spaces were still observed (Sectors 3 and 5; Table 2 ). This recommendation is based on the lack of involvement of Sector 4 upon progression in these cases. When the anterior and posterior compartments are involved preoperatively, then a donut distribution can be recommended (Fig. 1) . This is based on our observations that we did not observe any epidural sector-sparing pattern upon progression (Table 2 ; Fig. 3 ). In particular, even though Sector 4 was not involved postoperatively, preoperative involvement was observed in 26.7% of cases and epidural disease progression was observed in Sector 4 in 29% of cases. However, we cannot comment on the recommended CTV when only posterior epidural disease is present (i.e., no involvement of the anterior epidural space), as we did not have any such cases. Of note, isolated posterior segment disease in patients with spinal metastases represents the minority of all spine metastases at presentation. 2 Therefore, we make our recommendations for those cases with anterior epidural sector involvement alone, or anterior with posterior epidural sector involvement, based on the preoperative MRI (in conjunction with our postoperative findings).
Our observations have to be taken in context regarding our spine SBRT CTV approach. Our typical practice was to be overgenerous with respect to covering the epidural space. Almost all cases were treated with a donut distribution (91%), and almost all observed cases of failure had been treated with a donut distribution (92%). With a donut distribution, all relevant sectors would have been included in the high-dose volume (Fig. 1) . In the 2 cases of failure treated with a horseshoe distribution, both cases exhibited local disease progression confined to the anterior compartment. Hence, these cases do not impact our observations. Therefore, our suggestion of a horseshoe distribution for those cases with anterior epidural disease involvement alone (Fig. 1 ) on preoperative and postoperative MRI is based on the lack of epidural disease progression in Sector 4 and assumes that we did not need to include that sector initially in the CTV. We believe this is a reasonable assumption given our observations. Furthermore, this recommendation is based on the caveat that no other softtissue or bony disease lies in the sector to be treated. With respect to craniocaudal extension of local failure, we did not observe spread along this direction that was specifically beyond the CTV and PTV. This may represent our approach to also allow for at least 5-mm margins along this axis in our CTV. Lastly, epidural disease progression is likely a consequence of 3 potential factors. The first factor is a potential lack of coverage in the CTV, and this is not the case in our series as almost all cases were treated with an initial donut distribution. The second factor is potential aggressive biology, such that these patients had biologically aggressive disease which rendered them with epidural disease at baseline in almost all cases (96.2%) and, despite surgery, treatment in these patients failed with the occurrence of epidural disease progression. Whether or not there is distinct biologic differentiation of epidural soft-tissue disease as opposed to the bone-confined disease is unknown. Epidural disease progression is a well-established predictor of progression that is consistent with our initial clinical report. 1 In that report, we also observed that downgrading epidural disease has therapeutic potential, and in this report we observed that it does not necessarily impact the anatomical pattern of progression. In fact, we report that the initial anatomy of epidural involvement is critical to where progression will occur in those patients who experience progression after spine SBRT. The third factor reflects the dose delivered within the epidural space, and we have used the critical neural tissue (which represents the spinal cord and/or thecal sac) dose as the surrogate. In our initial report, we did not observe that the critical neural tissue dose was a predictive factor in these patients. This may reflect that our maximum point volume doses administered to the critical neural tissue-which are based on published evidence-based recommendations 12, 14 -are sufficient and represent a balance between efficacy and safety. However, we cannot comment on whether the number of epidural disease progression cases could have been reduced if we escalated the dose delivered to the critical neural tissue beyond our institutional practice. Ultimately, the data in this report are the most representative of this cohort and spine SBRT practice, and we believe the observed anatomical relationship between the location of preoperative epidural disease and site of progression is generalizable for contouring recommendations.
conclusions
We report a detailed pattern-of-failure analysis of epi-dural disease progression based on a simple and previously described anatomical classification scheme. Our results support a detailed imaging review of the preoperative epidural disease characteristics, in addition to the postoperative MRI epidural disease characteristics, when planning the CTV. A donut distribution may not be needed when epidural disease is confined pre-and postoperatively to the anterior epidural sectors. Larger-scale analyses are required to validate our observations; however, at this time, these data represent a guide to assist in postoperative spine SBRT CTV contouring.
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